Introduction
[2] The tropical Pacific Ocean is home to Earth's largest source of interannual climate variability: the El Niño-Southern Oscillation (ENSO). Our understanding of the dynamics and oscillatory nature of ENSO has significantly increased over the last three decades, as illustrated by the success of theories such as the Recharge/Discharge Oscillator paradigm (RDO) of Jin [1997] . The RDO theory proposes that the poleward transport of equatorial region warm near-surface waters during El Niño events discharges warm water volume (WWV) from the equatorial region, setting up conditions favorable for the termination of ENSO warm events. The basic principles of the RDO theory have been substantiated through the observational analyses of Meinen and McPhaden [2000, hereafter MM2000] . Furthermore, they show that variations in the equatorial region WWV are well represented by the second Empirical Orthogonal Function (EOF) of 20 C isotherm depth.
[3] The original RDO theory was formulated in a simple linear conceptual framework and did not account for some subtleties of the ENSO cycle, such as (i) the apparent synchronization of ENSO events to the seasonal cycle [Stein et al., 2011] , (ii) asymmetries in the duration of El Niño and La Niña [Okumura and Deser, 2010] , and (iii) the southward shift of zonal wind anomalies around the peak of ENSO events [Harrison, 1987] . In this study, we focus on this southward wind shift as it is likely also linked to the first two subtleties mentioned above.
[4] To date, numerous studies have indicated that the meridional wind movement plays a role in the termination of ENSO events [e.g., Harrison and Vecchi, 1999; Harrison, 2003, 2006; Lengaigne et al., 2006] . More recently, McGregor et al. [2012] using ERA-40 wind stresses over the period suggested that the wind shift accounts for roughly half of the Pacific Ocean's WWV variability, while also highlighting its prominent role in the termination of Eastern Pacific (EP) El Niño events. It was noted that this meridional wind movement plays a much smaller role in Central Pacific (CP) events, also referred to as Warm Pool (WP) or Modoki-type El Niño [Ashok et al., 2007; Kao and Yu, 2009; Kug et al., 2009] .
[5] In light of the large differences seen across observational wind products [e.g., Wittenberg, 2004] , it is important to assess the sensitivity of McGregor et al.'s [2012] results to different choices of wind product. Here we focus on the more recent period of 1979-2008 for greater availability of products and extend our analysis to the La Niña phase of the ENSO cycle. Our study supports the results of McGregor et al. [2012] , confirming that the meridional wind shift plays a prominent role in the changes in equatorial WWV. An El Niño and La Niña asymmetry in the wind shift, which has been previously linked to asymmetry in event duration [Ohba and Ueda, 2009; Okumura et al., 2011] , emerges as a robust feature in our analysis. We further show that the extent of the wind shift is significantly and linearly related to changes in equatorial heat content. This pronounced correlation signifies the role of discharge and recharge of Pacific Ocean heat content on the observed asymmetry in ENSO duration via meridional wind movements.
Data
[6] In this study, monthly mean wind data from all known available global wind products that span the period 1979-2008 are utilized. These are the ECMWF Interim Reanalysis (ERA-int) [Dee and Uppala, 2009] , the Japanese Reanalysis (JRA) [Onogi et al., 2007] , the NCEP/NCAR Reanalysis 1 (NCEP1) [Kistler et al., 2001] , the NCEP-DOE Reanalysis 2 (NCEP2) [Kanamitsu et al., 2002] , the NOAA Twentieth Century Reanalysis (20CR) [Compo et al., 2010] , the waveand anemometer-based sea surface wind (WAS) [Tokinaga and Xie, 2011] data sets, along with the wind stresses that forced the ECMWF Operational Reanalysis version S3 (ORA-S3) [Balmaseda et al., 2008] , and the Simple Ocean Data Assimilation, version 2.1.6 (SODA-2.1.6) [Czeschel et al., 2011] . Surface wind stress data are only available for the ORA-S3 and SODA-2.1.6 data sets. For all other data sets, the surface winds are converted to wind stresses using the quadratic stress law (see Supporting Information).
[7] This study also employs the monthly NINO3.4 index (hereafter N34, namely sea surface temperature anomalies (SSTAs) averaged in the region 5 N-5 S, 90 W-150 W) derived from Reynolds et al. [2002] . The SST anomalies are computed relative to a mean seasonal cycle based on the 30 year 
ENSO Winds and SWM Experiments
[8] Performing a principal component (PC) decomposition on each wind stress product over the tropical Pacific (10 N-10 S and 100 E-60 W) reveals that each product produces a first PC time series that is largely consistent with N34 region SSTA, including the positive skewness ( Figure 1c ). The average correlation between this leading PC and N34 SSTA is 0.78 (min = 0.74, max = 0.86). The corresponding spatial patterns, which are obtained by regressing the principal component time series onto the anomalous wind stress anomalies at each spatial location, are broadly consistent across the different products (Supporting Information, Figure S1 ), with the average spatial correlation of the associated wind stress curl being 0.81 (Supporting Information, Table S1 ). These spatial patterns, and their average (Figure 1a ), feature positive zonal wind anomalies in the western-central Pacific consistent with the first EOF mode of ERA-40 wind stresses shown in McGregor et al. [2012] . Given its relative symmetry about the equator; they are hereafter referred to as the ENSO symmetric wind stresses (t sym ).
[9] For all products, the second PC mode changes sign during El Niño events. This is most noticeable during the extreme 1982/83 and 1997/98 El Niño events (Figure 1c . The product-to-product similarity is highlighted by an average spatial correlation of the associated wind stress curl of 0.80 (Table S1 ). As the spatial structure of these wind stresses is largely asymmetric about the equator, these are hereafter referred to as the ENSO asymmetric wind stresses (t asym ).
[10] As in the McGregor et al. [2012] analysis, the linear combination of the t sym and t asym wind stresses allows the anomalous ENSO wind stresses to (1) shift northward in the months prior to the event peak, making the anomalous wind stresses more symmetric about the equator, and (2) shift southward around the peak of the event, ultimately allowing the anomalous wind stresses to become more asymmetric in the months after the event peak (see Supporting Information, Figures S2-S4 ). The meridional displacement of winds reconstructed using t sym and t asym is largely consistent with observations during EP and CP type El Niño years [e.g., Harrison, 1987; Harrison and Vecchi, 1999; Vecchi and Harrison, 2003] and La Niña years [e.g., Lengaigne et al., 2006] .
[11] Three Shallow Water Model (SWM) experiments for each of the six reanalysis products are conducted. Details of the SWM are provided in McGregor et al. [2007] . Experiment 1 (Exp1) is forced with time-varying t sym only. Similarly, the second experiment (Exp2) is forced with t asym only, while the third experiment (hereafter Exp1 + 2) is forced with anomalous wind stresses reconstructed from both t sym and t asym combined. A control simulation for each wind product is also carried out whereby the SWM is forced with the corresponding full anomalous wind stresses. Although the spatial patterns of the t sym and t asym wind anomalies are in broad agreement across the products, certain differences do exist ( Figure S1 ), as they also do amongst the principal component time series ( Figure 1c ). As such, forcing SWM experiments with these different product representations of the t sym and t asym wind stresses will provide a gauge of the robustness of the results documented by McGregor et al. [2012] .
Thermocline Response
[12] MM2000 have shown that an EOF analysis of observed 20 C isotherm depths reveals an east-west "tilting mode" and a "recharge mode", both of which are consistent with the RDO paradigm [Jin, 1997] . As expected, t sym is largely responsible for the east-west "tilting mode" as shown by Exp1 (Supporting Information, Figure S5c ). However, we find that although t sym does induce a "recharge" mode consistent with the RDO theory, it lacks the meridional asymmetry ( Figure S5d ) seen in observations (MM2000; see their Figure 3 ). Our SWM experiments (Exp2) confirm that the meridional shift of ENSO winds, as represented by t asym , is directly responsible for the meridional asymmetry of the recharge mode in all wind products analyzed here, consistent with the analysis of Alory and Delcroix [2002] and McGregor et al. [2012] (Figure S5 ).
[13] Comparing the changes in the zonally averaged thermocline depth of Exp1 + 2 and Exp1, which are calculated on the equator between 100 E-60 W, we find that the added t asym wind stresses in Exp1 + 2 reduces the root mean squared error (RMSE) calculated with respect to the control simulation (Supporting Information, Table S3 ). In seven out of the eight products, the added t asym wind stresses (Exp1 + 2) act to roughly double the variance of the zonal mean changes in thermocline depth when compared to those of Exp1, whilst in the eighth product (WAS wind stresses), the zonal mean thermocline depth variance is increased by 35% (Supporting Information, Table S3 ). This confirms that t asym plays a prominent role in enhancing the t sym -induced zonal mean changes in equatorial heat content [McGregor et al., 2012] .
[14] Composites of zonal mean thermocline depth and its changes (identified by @/@t of zonal mean thermocline depth) during ENSO evolution in the SWM experiments reveal that the discharge/recharge induced by t asym generally peaks between November and January while that due to t sym generally peaks later during February-April (Figure 2 ). For EP type events, t asym (Exp2) produces changes in zonal mean thermocline depth that are comparable in magnitude to those induced by t sym (Figures 2a and 2d ). This suggests that other than enhancing the changes in equatorial heat content during EP El Niño events, the wind stresses associated with t asym prime the equatorial Pacific for earlier termination than what would otherwise occur with only t sym forcing. For CP El Niño events (Figures 2b and 2e) and La Niña events (Figures 2c and 2f) , on the other hand, the effect of t asym on heat content recharge/discharge is relatively small compared to t sym (Exp1).
[15] Several studies have identified the southward wind shift, represented here by t asym , as being due to a nonlinear atmospheric response to ENSO SST anomalies [e.g., Spencer, 2004; McGregor et al., 2012] . Since the magnitude of t sym is roughly proportional to the strength of ENSO SST anomalies, we would also expect a relationship between the magnitude of t sym and the extent of t asym effect on the equatorial heat content. This is illustrated in Figure 3a , which presents a plot of the Exp2 mean November-January changes of equatorial heat content versus the corresponding t sym wind stress component. This plot reveals a clear El Niño/La Niña asymmetry, which is also apparent in the analysis of each product (Supporting Information, Table S2 ): when the t sym time series is positive, strong negative correlations exist between the two time series that are statistically significant above the 95% level (evaluation of correlation significance level in our study follows that of Sciremammano [1979] ), but no significant correlation is found when the t sym is negative (Table S2 ). This ENSO phase asymmetry highlights the role of t asym in enhancing heat content discharge during El Niño events, which should ultimately lead to a more abrupt and effective termination with stronger El Niño events, while not having any discernible effect during La Niña.
[16] This t asym ENSO phase asymmetry is distinct from that expected by the RDO theory as depicted by Exp1 (Figure 3a , gray line). Its cause can be traced to the extent of the meridional wind shift (t asym ), which can be represented by the difference between the PC2 value averaged over August-October and that averaged over February-April of the following year. Plotting this difference versus t sym averaged over November-January (when ENSO peaks) reveals an ENSO phase asymmetry consistent with the t asym -induced equatorial heat content changes ( Figure 3b and Table S2 ). In fact, there is a strong significant linear relationship between the extent of the meridional wind movement and the recharge/discharge of heat content (Figure 3c ). Correlation coefficients between the two time series for each product range from 0.73 to 0.99 (an average of 0.9), all of which are statistically significant above the 99% level.
[17] To first order, the t asym -induced discharge appears to scale with the intensity of El Niño events as indicated by the magnitude of t sym (Figure 3a) . However, highlighting EP and CP type El Niño events in Figure 3 reveals that the t asym discharge during CP El Niño events appears weaker than that during EP El Niño with similar magnitude of t asym wind stresses. For each wind product, tests with 1000 bootstrapped means show that the average t asym discharge during CP events is significantly smaller (at 95% level) than during EP events. It is notable that these differences are still significant (at the 90% level) even when the large magnitude 1982/83 and 1997/98 El Niño events are removed from the Figure 1 . Wind stress patterns associated with (a) t sym , and (b) t asym represented as regression coefficients (see text) averaged across the eight products. The zonal component is shaded. (c) Time evolution for the t sym for the eight products is shown in black, while those for t asym are shown in gray, one for each wind product. The vertical red (green) dashed lines represent the peak December-January for EP (CP) El Niño years, while the vertical blue dashed lines represent the peak December-January for La Niña years. The time series for both t sym and t asym across products are highly correlated, with the average "between product" t sym correlation being 0.88 (min = 0.70 and max = 0.98), and the average "between product" t asym correlation being 0.80 (min = 0.60 and max = 0.97).
EP sample. This indicates that factors other than El Niño event magnitude may play a secondary role in determining the prominence of t asym induced equatorial heat content changes.
[18] While all wind products agree on the importance of t asym wind stress forcing in the changes in equatorial heat content, the large-scale El Niño/La Niña phase asymmetry, and the CP/EP event differences, we note that differences across products are apparent when focusing on individual events (Supporting Information, Figure S6 ). These differences, which essentially stem from the spread of PC2 time series shown in Figure 1c , become most important for CP El Niño events ( Figure S6b) where t asym -induced heat content changes are relatively small. For instance, half of the wind products have an average t asym -induced discharge during CP events that is statistically different from zero (above the 90% level), while the remaining half are not.
Discussion and Conclusions
[19] We identify the meridionally quasi-symmetric (PC1, hereafter t sym ) and asymmetric (PC2, hereafter t asym ) wind stresses related to ENSO in eight different wind products (Figures 1a and 1b) and use SWM experiments to examine their impact on oceanic thermocline changes during different types of ENSO events. The linear combination of t sym and t asym allows the anomalous ENSO wind stresses, which are largely symmetric about the equator prior to the ENSO event peak, to shift southward around boreal winter. Further analysis reveals a clear ENSO phase nonlinearity in which El Niño event magnitude is strongly related to the extent of the meridional wind movement, while the meridional wind movement during La Niña events remains relatively small regardless of the event magnitude.
[20] The reason for this ENSO phase asymmetry is consistent with the explanation put forth for the southward wind shift by McGregor et al. [2012] , in that the meridional wind movement during El Niño events results from a weakening of the climatological wind speed south of the equator toward the end of the calendar year. The anomalous winds during El Niño events would act to further decrease these climatological wind speeds, potentially enhancing the meridional shift; while during La Niña events the anomalous winds would increase the climatological wind speeds, potentially limiting the southward wind shift.
[21] Consistent with the earlier study of McGregor et al.
[2012] using ERA-40, each of the eight wind products utilized here show that (i) the variance of zonally averaged equatorial heat content is increased significantly when t asym is added to the t sym wind stress field, (ii) t asym forcing of each wind product is responsible for producing the meridional asymmetry of the Pacific Ocean's recharge mode, and (iii) the t asym -induced changes in equatorial heat content occur a few months earlier than the t sym -induced changes. Thus, the second PC mode of equatorial wind stresses (t asym ) plays an integral role in the changes in equatorial Pacific Ocean's heat content and may also lead to the earlier termination of ENSO events, particularly for EP El Niño events. Given the clear anti-cyclonic structure in t asym (Figure 1b) , east of the Philippines, the potential role of t asym in the termination of ENSO events is largely consistent with mechanisms proposed in the earlier studies of Wang et al. [2000] and Guilyardi et al. [2003] .
[22] We further show that the t asym -induced changes in equatorial heat content are significantly and linearly related to the extent of the meridional wind shift. As such, the ENSO phase asymmetry in the extent of this meridional wind shift directly leads to an asymmetry in the induced equatorial heat content changes, whereby the discharging effect increases with El Niño amplitude, while the recharging effect remains relatively small regardless of La Niña amplitude. Since the RDO is fundamentally a linear theory, these results illustrate that it is the recharge/discharge induced by t sym , and not the effect of t asym , that is described by the RDO paradigm. Furthermore, given that equatorial heat content changes are known to prime the equatorial region for the termination of ENSO events, this result implies that asymmetries in the extent of this meridional wind shift may contribute to the observed asymmetry in the duration of El Niño and La Niña events [Okumura and Deser, 2010] consistent with the findings of Ohba and Ueda [2009] and Okumura et al. [2011] . However, our study further suggests that the development of the Philippine anticyclone is directly linked to the changes in equatorial heat content, and thus, links the ENSO phase asymmetry with the RDO theory, potentially identifying its underlying mechanism.
[23] Our results also suggest that the average t asyminduced discharge during CP El Niño events is significantly smaller than that seen during EP El Niño events. This is in spite of the fact that there are no significant differences in the average t sym wind stress magnitude. This result suggests that other factors, such as the spatial structure of the SSTA and the co-variability of Indian Ocean SSTs during EP events (or lack of it during CP type events) [Yuan et al., 2012] , may also play a role in determining the prominence of t asym induced equatorial heat content changes.
[24] Finally, we note significant differences between the products are apparent when focusing on individual events. This is most apparent for CP type El Niño events which generally have smaller t asym -induced equatorial heat content changes. These differences suggest that caution needs to be exercised when one attempts to infer the effect of t asym on equatorial heat content changes during any individual event using a particular wind product. Nevertheless, we have shown that all wind products agree on the importance of the second PC mode (t asym ) of equatorial wind stresses in changing equatorial heat content associated with ENSO, the large-scale El Niño/La Niña asymmetry, and the CP/EP El Niño event differences.
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